The specific component of the free energy of adsorption, ÀÁG SP A , of untreated crystalline and fused silica, and four types of silane coupling agents-treated fused silicas, were estimated by the inverse gas chromatography (IGC) method, using the adsorption of several polar and nonpolar probes on their surfaces at various measuring temperatures. The acid-base properties of the untreated and surface-treated silicas were quantified by their K A and K D parameters, reflecting the ability of the surface to act as an electron acceptor and donor, respectively. Acidic components were detected on the untreated crystalline and fused silica surfaces, but the surface properties of the fused silicas surface-treated with -glycidoxy propyl trimethoxy silane (GMS) and -amino propyl triethoxy silane (AES) were slightly basic, and those of the fused silicas surface-treated with -methacryloxy propyl trimethoxy silane (MTMS) and -mercapto propyl trimethoxy silane (MCMS) were amphoteric. 
1. General
Introduction
In the first paper of this series we described the surface properties of untreated silicas and silane coupling agentstreated silicas in terms of their dispersive force parameters, as determined by inverse gas chromatography (IGC).
However, it is clear that the full description of the surface properties can only be achieved with the use of the acid-base interaction parameters. Acid-base interactions are important components of polar forces and play a significant role in the adhesion of inorganic fillers to organic polymers. This paper describes the investigation of the acid-base characteristics of the same samples in order to complete the previously defined characterization of their surface properties.
Finally, we calculate the values of various parameters -the specific component of the free energy of adsorption (ÁG SP A ), the enthalpy of specific adsorption (ÁH SP A ), the electron acceptor index (K A ), the electron donor index (K D ) and S C (K D =K A )-in order to examine the possible differences in the acid-base properties of untreated and silane coupling agentstreated silicas.
Theory of inverse gas chromatography (IGC)
For a test substance, the free energy of adsorption, ÁG A , is the sum of the energies of adsorption attributable to the dispersive and specific interactions. The adsorption of nonpolar probes such as n-alkanes occurs through dispersive interactions, whereas for polar probes both London and acidbase interactions contribute to ÁG A . In this study, we used the model of Donnet et al., because the injected probe is in the gaseous state. 1) In this model, ÁG A is given by the following expressions:
where ÁG D A and ÁG
SP
A are the dispersive and specific components of the free energy of adsorption, respectively. The value of the constant, C, in expression (2) depends on the arbitrarily chosen reference state of the adsorbed molecule. In expression (3), K is a constant, h S and h L are the ionization potentials of the interacting materials, and 0 is the deformation polarizability of the molecules. Subscripts S and L refer to solid and liquid, respectively. In the case of nalkanes, ÁG A is equal to the free energy of adsorption corresponding to the dispersive interactions, ÁG The enthalpy of specific adsorptions between the examined surface and the test solutes may be correlated with the acidbase properties of both species by using either Drago's equation or the following equation:
where AN and DN are the electron acceptor and donor numbers of test solute, respectively, and denote the Gutmann numbers, AN, which indicates its ability to attract electrons (acidity), and DN, which quantifies its ability to release electrons (basicity), respectively.
3) The parameters K A and K D reflect the ability of the examined surface to act as an electron acceptor and donor, respectively, and the ratio K D =K A (S C ) describes the character of the surface (acidic or basic).
K D and K A , determined according to the method using Gutmann's AN values in equation (5) , are expressed in different units, i.e., in order to obtain both sides of eq. (5) in the same units, K D must be in kJÁmol À1 while K A has to be dimensionless. Therefore, evaluation of conclusions from their ratio must be treated with caution, since the value of K D =K A remains unclear. Further discussion will be based only on the values of K D , K A and S C determined according to the method using the Riddle-Fowkes AN Ã values 4) in eq. (5). The procedure described above has been used for the characterization of silicas, modified silicas, oxides, various minerals and solid polymers. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 2. Experimental
Materials
Natural crystalline and fused silicas were used in this work. Four types of silane coupling agents were used in the adsorption experiment. The chemical names and experimental conditions of the silane coupling agents are shown in Table 1 . We used methanol and distilled water as the solvent and acetic acid as the catalyst for the hydrolysis of the silane coupling agents.
We used a homologous series of n-alkanes -hexane (C 6 H 14 ), heptane(C 7 H 16 ), octane(C 8 H 18 )-as the non-polar probes, and benzene(C 6 H 6 ), chloroform(CHCl 3 ), carbon tetrachloride(CCl 4 ), nitromethane(CH 3 NO 2 ), ethyl acetate (CH 3 COOC 2 H 5 ) and THF(C 4 H 8 O) as the polar probes for the IGC experiment.
Adsorption experiment
The experiment designed to modify the fused silica surface was performed as follows: The solvent (100 mL), silane coupling agents (1.0 g) and fused silica (30 g) were stirred by a magnetic bar stirrer for an hour and then separated into solid and liquid components by a centrifugal separator. A suitable amount of acetic acid specially was added before stirring in accordance with the type of silane coupling agents to obtain a reasonable pH value, because the pH value is the most important factor in the hydrolysis of silane coupling agents. The conditions used in the adsorption experiment are shown in Table 1 . The separated fused silicas were then dried for 8 hours at 105 C. The various samples, viz. the untreated crystalline and fused silicas, and the fused silicas surfacetreated with MTMS, GMS, MCMS and AES, were prepared in this way for the IGC study at infinite dilution.
IGC experimental conditions
Since the particle size of the silica was too small to make chromatographic supports, silica disks were prepared by compression of the powders in an IR die, under a pressure of 10 8 Pa. The disks were then hand-crushed and sieved to select the fraction of particles having diameters between 250 and 425 mm. Particles of the correct size were introduced into a stainless steel column, 50 cm long and 3.17 mm in diameter. Approximately 1 g of each sample was used as the filling of the chromatographic column. Each column, filled with the sample, was conditioned at 200 C for 24 hours to remove any impurities in it. The IGC measurements were performed with a Hewlett Packard 6890 GC system, equipped with a highly sensitive flame ionization detector (FID). The carrier gas was nitrogen (N 2 ) and the flow rate was 10 mL/min. The temperature of the IGC measurement was varied from 90 to 160 C. Very small amounts of the probes were injected using the following stratagem: 1 to 5 mL of the probe was introduced via a septum into a 1 L flask, which was flushed with N 2 , after which about 0.3 mL of the diluted probe was injected into the GC system. We referred to the CRC Handbook of chemistry and physics for the physical and chemical properties of the probes.
Results and Discussion
We evaluated the ÀÁG Table 2 . The values of ÀÁG SP A decreased with increasing measuring temperature for all of the samples, except in a few cases where ÀÁG SP A increased slightly. In addition, the range of IGC measuring temperature differs according to the type of silica, i.e., the range of temperature suitable to measure their surface characteristics differs, because their surface characteristics are not the same. However, the effect of the measuring temperature on the values of K A and K D could be ignored, because it did no affect the computation of their acid-base surface characteristics using these parameters. That is, the K A and K D parameters are unconcerned in the measuring temperature. 
where the [ÀÁH Table 5 .
In this paper, we excluded benzene and carbon tetrachloride in the reference line used to evaluate the K A and K D parameters, as shown in Fig. 7 , because their values calculated from expression (6) deviated from the reference line. The cause of the deviation cannot be explained by enthalpic effects, but rather are attributable to the particular behavior of their molecules. 15) Similar observations, such as negative values of ÀÁG SP A for benzene and carbon tetrachloride, have been reported in other studies. 15, 16) Hence, we evaluated the K A and K D parameters using only the values of chloroform, nitromethane, ethyl acetate and THF, without those of benzene and carbon tetrachloride.
It has already been proved that the surface property of synthetic silica is acidic. 13) If we inquire into the S C values shown in Table 5 , the results suggest that untreated natural crystalline and fused silica are also acidic. However, the S C values of the fused silicas surface-treated with all four silane coupling agents were shifted in the basic direction. While the S C values of the fused silica surface-treated with MTMS and MCMS became slightly basic, their acid-base properties were considered to be close to amphoteric. It has already been proved that the acid-base property of MTMS-treated synthetic silica is amphoteric. 13) However, the acid-base properties of the fused silica surface-treated with GMS and AES were considered to be slight basic. That is, the fused silicas surface-treated with GMS and AES were suitable for basic polymers, and the fused silicas surface-treated with MTMS and MCMS were suitable for both acidic and basic polymers.
Conclusions
In this work, we used the well-established IGC method to evaluate the acid-base properties of untreated crystalline and fused silica, and fused silicas surface-treated with MTMS, GMS, MCMS and AES. By using n-alkanes and polar solutes as probes, the ÀÁG (2) The acid-base properties of the fused silicas surfacetreated with GMS and AES are considered to be slight basic, while those of the fused silicas surface-treated MTMS and MCMS are considered to be amphoteric. 
(2) (1) Table 5 The acid-base properties of the untreated and surface-treated silica surfaces. 
